A short review of recent results and future prospects in kaon physics is presented. Recent measurements performed at the NA48, NA62, KLOE and KTeV experiments on CP and Lepton Flavour violation and rare decays will be summarised, together with measurements of CKM elements and Chiral Perturbation Theory tests.
Introduction
K-mesons (kaons) were discovered in 1947 in cosmic rays, and produced in laboratory few years later; they were the first particles not fitting with the light flavour scheme and brought to the introduction of a new quantum number, called Strangeness, violated only by weak interactions. Experiments showed kaons to have an unprecedented behavior; new assumptions were made to explain their phenomenology, especially related to neutral kaons, in terms of new properites. In particular the analysis of their behavior under CP transformation had major contributions to establish the basis of the modern Standard Model (SM) of particle physics. The discovery of CP violation by K 1 (
(K 0 − K 0 )) decaying in π + π − showed that the mass eigenstates are
where is the indirect CP violation (mixing) parameter.
CP
CP violation in the Standard Model is described by a single complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) mass-eigenstate mixing matrix. The Kobayashi-Maskawa mechanism [1, 2, 3] , accommodating CP violation in the electroweak theory, predicted the third generation of quarks. There is a set of parameters used to describe CP violation phenomenology and connect it with the theory: O(10 −3 ), already mentioned, O(10 −6 ), giving the direct CP violation (decay), and η +− =
K S →π 0 π 0 = − 2 , ∆φ = φ 00 − φ +− = −3Im( ). After the unexpected discovery of the CP -violating K L → π + π − decay in 1964 [4] , was measured [6, 5] exploiting the interference between semi-leptonic decays (2Re( ) =
, instead of measuring directly η +− or η 00 . The measurement of was achieved at the end of the century, exploiting the double ratio | η00 η+− | 2 = 1 − 6Re( ) to increase the sensitivity of the experiments.
Chiral Perturbation Theory
Most kaon decays are governed by long distance physics, involving non perturbative QCD; to study their properties an effective field theory in terms of QCD Goldstone bosons has been developed, namely Chiral Perturbation Theory (ChPT). It is an expansion in powers of momenta and quark masses over Λ χ ≈ 1 GeV and provides a theoretical framework both for (semi)leptonic and nonleptonic decays, including radiative decays, by means of a pseudoscalar-octet and electroweak operators. A set of Low Energy Constants (LECs) has to be extracted from experiments, by measuring Form Factors (FF), to be able to make predictions and compare with other experimental results.
2 CP violation and CKM matrix
CP violation
Measuring / required to measure all the 4 involved decays simultaneously to exploit cancellation of systematics in the double ratio | η00 η+− |. NA48 at CERN and KTeV at FNAL were designed to do so: intense K L beams at high momentum (for K L → π 0 π 0 ) with decay regions ≈ 100m for both experiments, while the production of K S was by means of a regenerator (KTeV) or a second target close to the decay region (NA48). The final result for Re( ) was (2.071 ± 0.148 stat ± 0.239 syst )10 −3 = (2.07±0.28)10 −3 for KTeV [7] and (1.47±0.14 stat ±0.09 stat/syst ± 0.15 syst )10 −3 = (1.47 ± 0.22)10 −3 for NA48 [8] . Unfortunately the poor precision of the theoretical prediction [9] , based on lattice QCD (lQCD), prevented to fully exploit this measurement, but there is currently a new approach which uses the experimental value as input for lQCD calculations [10] .
Another tool to explore CP violation is the study of
K S →3π 0 = + 000 can be defined, with 000 = −2 to lowest order in ChPT. The Standard Model prediction BR(K S → 3π 0 ) = 1.9 × 10 −9 has been out of reach up to now, but several upper limits were imposed in the past 10 years respectively by SND, NA48 and KLOE, 1. CP violation can be studied also in the decay of charged kaons by defining charge asymmetries: given Γ(
represents CP violation in decay, with an expectation of O(10 −5 − 10 −6 ); in the past few years NA48/2 has produced several results:
CP T
Test of CP T invariance and quantum mechanics can also be performed by studying kaon decays. In the CP -violating
∆t cos(∆m∆t), can be defined, with ∆m = m K L −m K S , ∆t the decay time difference and ζ SL as decoherence parameter;
∆t and ζ SL can be extracted. ζ SL = 0.018 ± 0.040 stat ± 0.007 syst was obtained by the KLOE experiment ( fig. 1) [11] .
A different approach can give information about CP T and Lorentz invariance; there is a Standard Model Extension (SME) consisting in a phenomenological effective model providing a framework for CPT and Lorentz violation [12, 13] . If we define S,L = ± δ, with δ = i sin φ SW e iφ SW γ K (∆a 0 − β K · ∆ a)/∆m, ∆a 0 and ∆ a are four parameters associated to SME lagrangian terms and related to CPT and Lorentz violation. Exploiting interferometry,
∆t cos(∆m∆t) can be defined, where η
The measurement of Im(δ) can be done at small ∆t while Re(δ) at large ∆t. With this technique KLOE reached a preliminary result (1 fb −1 integrated luminosity) for ∆a x , ∆a y and ∆a z , (−6.3 ± 6.0) × 10 −18 GeV, (2.8 ± 5.8) × 10 −18 GeV and (2.4 ± 9.7) × 10 −18 GeV respectively (fig. 2); they should be compared with a previous result from KTeV (∆a x , ∆a y < 9.2 × 10
−22
GeV), but it is the first measurement of ∆a z . 
V us
The semileptonic decays usually called K l3 (K → π 0 eν e , K → π 0 µν µ ) can be used to extract an effective measurement of |V us |; the decay amplitude Γ(K l3(γ) ) can be parametrized as
for K ± and S EW = 1.0232 is the short distance EW correction. Γ(K l3(γ) ) and I 
Chiral Perturbation Theory
The same decays (K l3 ) are useful, by measuring their FF, to obtain some of the LECs of ChPT. The matrix element can be written as M = ) expansion has no physical meaning. NA48/2 has preliminary results from K → π 0 eν e , K → π 0 µν µ , which can be taken separately for the decays with an electron or a muon. For the quadratic expansion (×10
2 , m S = (1176 ± 31) MeV/c 2 . Results for K e3 and K µ3 from NA48/2 are in good agreement and, given their high precision, they are competitive with other measurements, especially if the smallest error in the combined result is considered. An important family of kaon decays is the one named
The geometry of the decay, shown in fig. 4 Once the relative FF are available, K e4 (+−) branching fraction is needed to obtain the absolute FF; this analysis [16] . uses K ± → π ± π + π − decays as normalization (BR = (5.59 ± 0.04)%), giving (1.11 × 10 6 ) signal events, background 0.95% of K e4 and a normalization statistics of (1.9 × 10 9 ) events, with a signal and normalization acceptance of 18.19% and 23.97% and trigger efficiency 98.5% and 97.7% respectively. Results, to be compared with the current world average (4.09 ± 0.10) × 10 −5 [17] , are BR(K as an overall form factor normalization, K e4 (+−) absolute FF (NA48/2) can be calculated [16] .
NA48/2 has also a preliminary result for K e4 (00) branching fraction; the analysis, still in progress, uses K ± → π ± π 0 π 0 decays as normalization (BR = (1.761 ± 0.022)%), giving (4.49 × 10 4 ) signal events, background 1.3% of K e4 and a normalization statistics of (71 × 10 6 ) events, with a signal and normalization acceptance of 1.77% and 4.11% and trigger efficiency between 92% and 98% respectively.
The preliminary result, to be compared with the current world average (2.2 ± 0.4) × 10 −5 [17] Table 3 . K e4 (00) uncertainties Table 4 . ππ scattering lengths a 0 , a 2 scattering lengths. The S-wave ππ scattering lengths a 0 and a 2 (I = 0 and I = 2) are precisely predicted by ChPT [18, 19] . NA48/2 performed two statistically independent measurements: one from the phase shift δ(M ππ ) = δ s − δ p in K e4 decay [15] and the second one from the cusp in [20] . These two measurements exibit completely different systematics (electron misidentification and background vs. calorimetry and trigger), different theoretical inputs (Roy equations and isospin breaking correction vs. rescattering in final state and ChPT expansion), and yet a large overlap in the a 0 , a 2 plane and an impressive agreement with ChPT.
Radiative
Radiative decays are characterized by the presence of real photons in the final state, which can be produced by leptonic, semileptonic or non-leptonic transitions; such decays can proceed via inner bremsstrahlung (IB), with a photon emitted by a charged particle in the initial or final state, via a structure-dependent (SD) process, also known as direct emission (DE), which emits a photon from within the main transition, and the possible interference (INT) between IB and SD.
; defining T * π as the π ± kinetic energy and integrating it away from
, it is possible to isolate the IB component, known from K ± → π ± π 0 and QED corrections, and have the DE amplitude containing electric (XE) and magnetic (XM) dipole terms. The INT component is interference between IB and electric DE (XE) amplitudes. NA48/2 final results [21] related to this decay are: Frac(DE) = (3.32 ± 0.15 ± 0.14)10 . NA48/2 has also a preliminary result on K ± → π ± π 0 e + e − , which is mediated mainly by the process [22] . As for the previous decay, DE and INT amplitudes depend on XE and XM form factors, but its short distance contributions make it sensitive to New Physics (NP); this result, which has ≈ 4500 events in the signal region (2003+2004 data), with a small fraction of background from
is also a first observation of this decay. K ± → π ± γγ is peculiar because parametrizing its branching fraction as a func-
, its value depends on a single unknown O(1) parameterĉ; a previous measurement performed at BNL E787, based on 31 candidates, gives BR = (1.10 ± 0.32) × 10 −6 [23] . The current measurement at NA62, based on ≈ 300 event candidates with O(10%) background (z > 0.2), gives two values forĉ, corresponding to two different expansions in ChPT:ĉ= 1.56 ± 0.22 stat ± 0.07 syst = 1.56 ± 0.23 for O(p 4 ) andĉ= 2.00 ± 0.24 stat ± 0.09 syst = 2.00 ± 0.26 for O(p 6 ). The sensitivity is insufficient to distinguish between the two models. The model dependent result, not published yet, is BR = (1.01 ± 0.06) × 10 −6 .
K → eν e γ SD+ has a differential amplitiude ( y) ) with an explicit dependence on a vector and a axial FF;
, represent known and different kinematics, being the + or -related to the polarization of the photon. A measurement by KLOE [24] , with 4% accuracy, is compatible with O(p 4 ) FF (constant). NA62 has a preliminary result based on ≈ 10000 event candidates. (1 + δR QED ) = (2.477 ± 0.001)10 −5 ; the advantages of this observable are the cancellation of hadronic uncertainties in the ratio, an helicity suppression ≈ 10 −5 and small radiative correction (few %) due to K → eν e γ(IB), by definition included into R K . This results in a very clean theoretical prediction [25] . The experimental status in 2008 was R K = (2.45 ± 0.11)10 −5 ('70s measurements), with δR K /R K ≈ 4.5%; KLOE in 2009 gives R K = (2.493 ± 0.031)10 −5 [26] , with δR K /R K ≈ 1.3%. Given its small value within the SM, R K is potentially sensitive to NP; expected effects are within δR K /R K ≈ 10 Table 5 . R K uncertainties Table 6 . R K independent measurements R K world average changed from (2.493 ± 0.025) × 10 −5 in 2010 to (2.488 ± 0.009) × 10 −5 in 2012, going from 1.0% to 0.36% precision.
Flavour Changing Neutral Currents
Processes which involve Flavour Changing Neutral Currents (FCNC) in the SM are suppressed by the Glashow-Iliopoulos-Maiani (GIM) mechanism [29] , therefore they are in principle sensitive to NP effects. NA48/2 has results also for 
it has ≈ 3100 event candidates, (3.3 ± 0.7)% background, and quotes BR = (9.62 ± 0.25) × 10 −8 , with A CP < 2.9 × 10 −2 .
Golden modes
K → πνν, in its charged and neutral kaon variations, is among the few golden decays; their theoretical prediction exploits the factorization of the matrix element, allowing to extract the hadronic component from the experimental value of BR(K → πeν). This results in BR SM (K L → π 0 νν) = (2.43 ± 0.39 ± 0.06)10 −11 , and BR SM (K + → π + νν) = (7.81 ± 0.75 ± 0.29)10 −11 , where the uncertainities are related to CKM matrix elements knowledge and theory respectively. The only existing measurement, related to K + → π + νν, is based on 7 events (E787/949): (1.73 An example of this new generation of experiments is NA62 at CERN. NA62 aims to a measurement at 10% (≈ SM prediction accuracy); it is foreseen to collect 100 SM events in 2 years data taking. The background rejection necessary to achieve the needed sensitivity is obtained expointing the kinematics of kaon decays combined with particle identification and photon vetoes. The unseparated charged hadron beam, composed by p/π/K (positron free, K ≈ 6%, p ≈ 23%), at 75 GeV/c (∆P/P ≈ 1%) will provide 4.8 × 10 12 kaon decays/year, corresponding to an integrated beam rate of 750 MHz. The layout of the experiment is shown in fig.  5 and it makes use of state of the art detectors for new precision frontier down to 10 −12 . Technical run in 2012 and physics data taking in 2014-2016
Exotic
Among the exotic channels a recent result from NA48/2 is the search for K ± → π ± µ + µ + , a lepton number violating process which is searched looking for the wrongsign events in K ± → π ± µ + µ − data; no evidence was found and NA48/2 quotes BR(K ± → π ∓ µ ± µ ± ) < 1.1 × 10 −9 (90% CL), which is 3 times better than the previous limit from E865 [32] .
Summary
Kaon physics continues to be a good tool for investigation in the flavour sector. Chiral Perturbation Theory and experimental determination of form factors provide a constantly improving tool for future precision measurements. All measurements are currently in agreement with the SM. A new generation of experiments is starting to explore ultra rare decays, opening a new chapter of tests for the SM and precision measurements previously not accessible: NA62 and KoTO are in construction and will start taking data in the next two years; these detectors will be able to improve current measurements
